Candidate gene polymorphisms related to inflammation, thrombosis and lipid metabolism have been implicated in the development of ischemic stroke. Using DNA samples collected at baseline in a prospective cohort of 14 916 initially healthy American men, we genotyped 92 polymorphisms from 56 candidate genes among 319 individuals who subsequently developed ischemic stroke and among 2092 individuals who remained free of reported cardiovascular disease over a mean follow-up period of 13.2 years to prospectively determine whether candidate gene polymorphisms contribute to stroke risk. After adjustment for multiple comparisons and age, smoking, body mass index, hypertension, hyperlipidemia and diabetes, two related to inflammation [a val640leu polymorphism in the P-selectin gene (OR ¼ 1.63, 95% CI 1.22-2.17, P ¼ 0.001) and a C582T polymorphism in the interleukin-4 gene (OR ¼ 1.40, 95% CI 1.13-1.73, P ¼ 0.003)] were found to be independent predictors of thrombo-embolic stroke. In bootstrap replications, the inclusion of genetic information from these two polymorphisms improved prediction models for stroke based upon traditional risk factors alone (ROC 0.67 versus 0.64). Two polymorphisms related to thrombosis (an arg353gln polymorphism in the factor VII gene and a T11053G polymorphism in the plasminogen activator inhibitor type-1 gene) and one related to lipid metabolism [a C(-482)T polymorphism in the apolipoprotein CIII gene] achieved nominal significance, but were not found to be independent predictors after multiple comparison adjustment. Two inflammatory candidate gene polymorphisms were identified which were independently associated with incident stroke. These population-based data demonstrate the ability of prospective, epidemiological studies to test candidate gene associations for athero-thrombotic disease.
INTRODUCTION
Completion of the initial sequencing of the human genome project brings substantial promise to clinical medicine, including the potential to develop genetic panels for the assessment of disease risk (1) . One approach to this issue is the evaluation of selected polymorphisms in genes, which are suspected of being associated with disease, either because they are known to encode for specific proteins related to the disease process or because they lie within chromosomal regions identified in linkage studies. Although retrospective case-control studies are frequently used to assess relationships between candidate markers and disease endpoints, a preferred setting for such analyses is large prospective population cohorts where an adequate number of individuals can be evaluated to ensure stable estimates of the background allele and genotype frequencies, and where the number of incident events is sufficient to provide both informative null data as well as narrow estimates for any observed positive effects. If the population under study derives from a homogeneous prospective cohort of initially healthy individuals such that case status is defined solely by the subsequent development of disease, inadvertent epidemiological bias arising from case selection criteria or from population stratification can be minimized (2, 3) .
With regard to occlusive cardiovascular events, candidate genes of interest include those associated with lipid metabolism, *To whom correspondence should be addressed at: Center for Cardiovascular Disease Prevention, Brigham and Women's Hospital, 900 Commonwealth Avenue East, Boston, MA 02215, USA. Tel: þ1 6177328175; Fax: þ1 6177839212; Email: rzee@rics.bwh.harvard.edu thrombosis and hemostasis, and inflammation. To begin an exploration of these issues, we undertook a large-scale evaluation of 92 candidate gene polymorphisms related to these processes within the context of a prospective cohort of initially healthy American men who were followed over a 13.2 year period for the occurrence of first ever cardiovascular events. In this report, we present our findings for the ischemic stroke component of this ongoing study. Table 1 lists the 92 polymorphisms examined and the observed frequency of the less common allele at each site among the 2092 control subjects. Among the 71 polymorphisms with frequency >0.05, seven displayed Hardy-Weinberg disequilibrium with a P-value less than 0.05 (none were less than 0.01) before Bonferroni correction. After Bonferroni correction, all alleles tested (those with frequency >0.05) demonstrated Hardy-Weinberg equilibrium.
RESULTS
Baseline characteristics of participants who subsequently developed stroke (cases) and of those who remained free of cardiovascular disease during follow-up (controls) are shown in Table 2 . As expected, participants who developed stroke had a higher prevalence of conventional athero-sclerotic risk factors at baseline.
A full listing of genotype frequencies for the case and control participants as well as calculated odds ratios associated with additive, dominant or recessive models of inheritance for each of the 92 individual polymorphisms evaluated is available from the authors in electronic format. For ease of presentation, Table 3 presents those polymorphisms which, in any mode of inheritance, were found to have a nominal univariable P-value less than 0.10 for association with incident thrombo-embolic stroke. As shown, 13 polymorphisms were found in this initial analysis.
Following our conservative a priori analysis plan, two marker associations remained promising after full adjustment for multiple comparisons and after adjustment for other risk factors, the dominant effect of the val640leu P-selectin polymorphism and the additive effect of the C582T interleukin-4 polymorphism. Specifically, in stepwise multivariable risk factor adjusted analyses, the val640leu polymorphism in the P-selectin gene (OR ¼ 1.63, 95% CI ¼ 1.22-2.17, P ¼ 0.001) and the C582T polymorphism in the interleukin-4 gene (OR ¼ 1.40, 95% CI ¼ 1.13-1.73, P ¼ 0.003) were found to be independent predictors of thrombo-embolic stroke. For these, the conservative Bonferroni P-values were 0.08 for both and the permutation-adjusted P-values were 0.09 for both, despite simultaneous adjustment for 92 comparisons. P-values for all other polymorphisms after the Bonferroni adjustment and the permutation test were greater than 0.75. Perhaps of greater relevance for a genetic analysis, the false discovery rate (FDR) for each was only 0.039. From a statistical perspective, this FDR implies that both are likely to represent true-positive findings (4, 5) .
Of the original 92 polymorphisms, only five (Table 4) were found to be independent genetic predictors of risk in the traditional age-and smoking-adjusted forward selection multivariable models with a P-value less than 0.05. These five included the two polymorphisms significant in the FDR analysis above as well as three others; an arg353gln polymorphism in the gene coding for coagulation factor VII (OR in a dominant model of 0.70, 95% CI ¼ 0.52-0.94, P ¼ 0.017); a C(-482)T polymorphism in the apolipoprotein CIII gene (OR in a dominant model of 1.31, 95% CI ¼ 1.03-1.66, P ¼ 0.029); and a T11053G polymorphism in the plasminogen activator inhibitor type-1 gene (OR in a recessive model of 0.71, 95% CI ¼ 0.51-0.98, P ¼ 0.040). However, in analyses using the BIC as the selection criterion, only the two polymorphisms significant in the FDR analysis remained in the model, providing further statistical justification for the importance of these two findings.
We calculated c-statistics as a method to compare the clinical efficacy of stroke risk prediction models based upon genetic data from the P-selectin and interleukin-4 polymorphisms and traditional cardiovascular risk factors to risk-prediction models based upon traditional cardiovascular risk factors alone. In this analysis, the c-statistic for the final risk factor adjusted model for stroke which included these two polymorphisms as compared to those found in models not using genetic data were 0.68 and 0.66, respectively, a marginal gain in discriminatory accuracy. In bootstrap replications of the final stroke model, these c-statistics became 0.67 and 0.64, respectively; a negligible correction was thus observed after the bootstrap replications. In addition, using internally cross-validated estimates of the log likelihoods, the contribution of the two gene polymorphisms found to be associated with stroke remained highly significant overall (P ¼ 0.0004).
DISCUSSION
In this initial report from a prospective, population-based genetic-epidemiological evaluation of initially healthy American men, we found two inflammatory polymorphisms to be strongly associated with incident stroke, after adjustment for multiple comparisons.
From a research perspective, we believe these data provide several insights, which if corroborated in other cohorts, could provide direction in the search for new targets for therapeutic intervention. In particular, the observation in these data of statistically significant effects on stroke in association with polymorphisms in the P-selectin and interleukin-4 genes is of considerable patho-physiologic interest given prior data from this and other cohorts implicating plasma levels of several cell adhesion molecules, cytokines, and other inflammatory mediators as key determinants of athero-thrombotic risk. The fact that the contribution of these two gene polymorphisms remained independent and highly significant upon crossvalidation (P < 0.001) suggests that the products of these genes-both of which appear involved in several endothelial processes-may represent important targets in the prevention of thrombo-embolic stroke.
For interleukin-4, the encoded protein is a pleiotropic cytokine produced by activated T cells, is a ligand for the interleukin-4 receptor, and also binds to interleukin 13. Serum levels of interleukin-4 have been found to be significantly elevated in patients with cerebral infarction (6, 7) . In addition, prior work regarding the interleukin-4 C582T polymorphism has been shown to play a role in various inflammatory and immune disorders (8) (9) (10) (11) (12) (13) . With regard to P-selectin, this platelet membrane proteinalso called GMP-140 or CD62-mediates the interaction of platelets and leukocytes with activated endothelial cells. Genetic variants in P-selectin have been suggested as risk factor for myocardial infarction (14-16), suggesting a similar functional role in cerebro-vascular disorders.
However, another possible explanation is that the observed association of the two significant polymorphisms found with incident stroke may result from linkage disequilibrium with a yet-to-be-identified nearby susceptibility locus(i) or gene(s). This would require linkage disequilibrium analysis of the gene considered for association.
In addition to these two polymorphisms associated with inflammation, two polymorphisms associated with hemostasis and thrombosis were also found to be associated with incident stroke at nominal significance levels. One of these, an arg353gln polymorphism in the factor VII gene, has previously been reported to influence plasma levels of expressed factor VII activity (17, 18) . The current data thus provide independent cohort support for prior results regarding the potential role of this polymorphism as a risk factor for athero-thrombosis (19, 20) , a finding which has been controversial in the published literature (18, 21) . We also found that a T11053G polymorphism in the plasminogen activator inhibitor (PAI-1) gene is associated with incident stroke, with the common T allele more frequently observed in cases than controls; an intriguing finding as PAI-1 excess has long been associated with athero-thrombotic risk (22) . While these latter results are suggestive, more data are needed to provide statistical support for an association.
From clinical and epidemiological perspectives, our evaluations of model fit and c-statistic data provide preliminary evidence that genetic markers may in the future prove to have clinical utility. However, clinical application of this concept will require several additional steps. Most importantly, confirmation of these data in other cohorts and in different populations is required since, despite the low false discovery rates observed and the high level of significance found in our internal crossvalidation analyses, these data must be viewed as hypothesis generating. Our results should not be generalized to women or to other groups with different absolute levels of stroke risk, such as stroke at young age. Despite the intriguing nature of these findings, we in general believe appropriate clinical caution should be used when interpreting positive results from any association study. Epidemiological limitations, which have the potential to lead to false-positive findings, include inadequate sample size, failure to ensure that affected and unaffected subjects derive from the same source population, over-reliance on post hoc subgroup analyses, and selective presentation of results without consideration of the adverse effects which can arise due to multiple comparisons. With regard to these concerns, strengths of our study design include its adequate sample size and the fact that we used a closed prospective cohort in which the determination of case status was based solely on the subsequent development of disease rather than on any arbitrary selection criteria designed by the investigators. Further, our genomic control analysis revealed no evidence of population stratification in these data. We also chose, on an a priori basis, to adjust for multiple comparisons using several different techniques, and to present all our data simultaneously rather than focusing on any one specific finding.
It is important to remember that many of our null findings were considered on an a priori basis to have a reasonable likelihood of success. For example, although we found some evidence of association between a C(-482)T polymorphism in the apolipoprotein CIII gene and incident stroke, we found little evidence for other lipid-based polymorphisms. Power to detect an effect, particularly after multiple comparison adjustment, requires consideration. However, based on our sample size, at a nominal alpha level of 0.05 as in the stepwise models, we have 80% power to detect an odds ratio of 1.47 with an allele frequency of 0.10 and an odds ratio of 1.31 with an allele frequency of 0.30. The probability of inclusion in Table 3 , with a nominal significance level of 0.10, is even higher. Thus, polymorphisms that are false negatives after our conservative multiple comparison adjustment are likely to be among those in Table 3 , which are worthy of investigation in other data.
In summary, in this prospective, population-based study, two candidate gene polymorphisms were identified which were independently associated with incident stroke. It is particularly intriguing that these two polymorphisms with the lowest falsediscovery rates relate to interleukin-4 and P-selectin, key inflammatory mediators known to play central roles in vascular occlusion. These data and the statistical approaches applied to them thus demonstrate the ability of genetic-epidemiological studies to assist in the evaluation of candidate gene polymorphisms for athero-thrombotic disease. 
MATERIALS AND METHODS

Participants
We studied prospectively collected DNA samples from a cohort of apparently healthy middle-aged men participating in the Physicians' Health Study (23). In brief, 22 071 predominantly Caucasian (>92%) US male physicians 40-84 years old who were free of prior myocardial infarction, stroke, transient ischemic attack and cancer were enrolled, of whom 14 916 (68%) provided baseline blood samples which were used for genetic analysis. Over an average period of 13.2 years, followup has been complete for all deaths and for 99.4% of all reported morbid events. According to the overall study's nested case-control design, each participant who provided an adequate sample of whole blood at baseline and had a confirmed stroke, myocardial infarction, or venous thrombo-embolism during follow-up was matched wherever possible to two or three controls. The controls were study participants who had also provided a baseline blood sample and who remained free of any reported cardiovascular disease at the time the index event occurred in the case patient. Controls were selected at random from among those who met the matching criteria of age (AE2 years), smoking habits (former, current or never) and time since study entry. As described elsewhere (24) , for all reported incident vascular events occurring after study enrollment, hospital records, death certificates and autopsy reports were requested and reviewed by an end-points committee using standardized diagnostic criteria. With specific regard to stroke, the diagnosis was confirmed if the patient had a new, abrupt focal neurologic deficit and if the symptoms and signs persisted for more than 24 h. Computed tomography or magnetic resonance scans were available in all confirmed cases and were used, along with the clinical history, to exclude from analysis primary hemorrhagic stroke events.
To increase power for statistical comparison, all controls were pooled in a common reference group. Employing these criteria, a total of 319 cases of incident ischemic stroke and 2092 controls were available for analysis.
For each case and control, whole blood collected and frozen at baseline was thawed and underwent DNA extraction (25, 26) . Genotyping was performed using multiplex PCR and linear immobilized probe array assays for candidate markers of cardiovascular disease, immune response, and inflammation (Roche Molecular Systems, Alameda, CA, USA), essentially as described previously (27, 28) . In brief, the candidate genes examined were selected from biochemical pathways that have been implicated in the development and progression of cardiovascular disease. In addition to the biological relevance of the selected candidate genes, the polymorphisms were further selected based on prior evidence of potential functionality, validated allele frequency and heterozygosity, and sequenceproven allelic variation. The selected genetic polymorphisms focused broadly on the athero-sclerotic pathway, including genes involved in lipid metabolism, inflammation, cell adhesion, thrombosis and hemostasis, and platelet function.
Extracted DNA samples from cases and controls were analyzed together in blinded fashion with the sequence varied at random within groups to avoid systematic bias. To evaluate accuracy of genotyping, we compared results for specific polymorphisms which had previously been evaluated in this cohort (25, 26, 29, 30) with those obtained in the current analysis. Reproducibility was in excess of 99% with most instances of error being due either to transcription or data entry. Where discrepancy was found, samples underwent repeat genotyping. The study was approved by the Brigham and Women's Hospital's Institutional Review Board for Human Subjects Research.
Statistical analysis
We sought evidence of association between each of the 92 polymorphisms evaluated and incident thrombo-embolic stroke in a multi-stage process.
First, for descriptive purposes, we calculated crude allele and genotype frequencies for each individual polymorphism and evaluated Hardy-Weinberg equilibrium using a one-degree of freedom goodness-of-fit test among controls (31) . We then compared the genotype frequencies between case and control participants using logistic regression analyses to compute relative risks and 95% confidence intervals. To address the use of a pooled control group, all analyses were unmatched and adjusted for the matching factors of age and smoking status. To avoid assumptions regarding modes of inheritance, all analyses were performed using additive (homozygote-common versus heterozygote versus homozygote-rare), dominant (homozygotecommon versus heterozygote and homozygote-rare) or recessive (homozygote-common and heterozygote versus homozygoterare) modes for each polymorphism. Acknowledging the possibility of falsely excluding a potential true positive effect, we present results for those polymorphisms with a nominal P-value of 0.10 or less in the initial results.
Second, we performed forward-stepwise multivariable logistic regression analyses using a nominal P-value cut-point of 0.05 to evaluate evidence that specific polymorphisms were independently associated with thrombo-embolic stroke, after adjusting for age and smoking; entry to the model was a nominal P-value of 0.10, with a final cut-point of 0.05 to remain. Stepwise-selected polymorphisms were then entered into a risk factor-adjusted analysis which further controlled for baseline body mass index, hypertension, hyperlipidemia, diabetes, and randomized treatment assignment to aspirin or beta-carotene. In addition, we used the Bayes Information Criterion (BIC) to select variables for inclusion after adjustment for the number of terms selected (32) . We recognized a priori that the large number of polymorphism analyzed could lead to a high number of false positive findings. There are several statistical methods which address this issue including Bonferroni adjustment which is highly conservative and low in power. Permutation testing is somewhat less conservative than the Bonferroni approach in that it allows and adjusts for correlations among variables considered. Both of these procedures control the experiment-wise error rate (33) . An alternative approach based on controlling the FDR (4) has been advocated for analyses of genetic markers (5, 34) . This procedure, computed using PROC MULTTEST of SAS, does not control the experiment-wise error rate, but estimates the proportion of errors among the rejected hypotheses. For the purposes of epidemiological comparison, we chose on an a priori basis to calculate all three of these measures separately. Because the mode of transmission is uncertain for most of the alleles considered, we performed these tests on the additive effects, thus adjusting for 92 independent comparisons. Finally, we examined and adjusted measures of fit for the multivariable models. C-statistics, representing the area under the receiver operator characteristic (ROC) curve, were used to estimate discrimination, the probability that a given final model correctly assigned high-risk (35) . Because participants were age-and smoking-matched, the c-statistics do not reflect the overall fit of a predictive model including these terms. A comparison of c-statistics, however, can indicate the genetic contribution to model fit. In order to cross-validate the fit of these models, we also computed estimates of the c-statistics and likelihood ratios based on 100 bootstrap samples (36, 37) . The bootstrap procedure selects random samples of size n with replacement from the original data. Repeating the sampling procedure a large number of times provides information on the variability and validity of the parameter estimate.
On a post hoc basis, we used genomic control to examine the potential impact of population stratification in these results (38) . In these data, the median chi-square value for additive effects of all 92 polymorphisms was 0.38, indicating that no correction was necessary (39) .
